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HIGH-SPEED PHOTOGRAPHIC INVESTIGATION OF THE FORMATION OF
DETONATION WAVES IN A STOICHIOMETRIC HYDROGEN-OXYGEN MIXTURE

By
James A. laughrey, Loren E. Bollinger and Rudolph Edse

SUMMARY

An experimental investigation was conducted with a high-speed,
image-converter camera to elucidate the mechanism by which a deto~
nation wave is formed in a stoichiometric mixture of hydrogen and
oxygen. The initial conditions of the hydrogen-oxygen mixture were
one atmosphere pressure and ambient temperature. The 7.62-cm square
test section of the detonation tube used for these experiments was
167 cm long. By varying the positions of a modified shadowgraph
system and the glass windows, the entire length of the test section
of the tube could be covered photographically. The shadowgraph
system consisted of & high-intensity, short-duration, point-~source
lamp, two parabolic mirrors, and a high-speed image converter camera
with a Polaroid back. The effective exposure time of the phenomena
under observation was about 0.4 microseconds which was determined
by the duration of the light pulse from the point-source lamp. The
image converter tube in the image converter camera was used mainly
to prevent overexposure of the film by the afterglow of the reaction.
Insufficient natural radiation made it impossible to use the camera
for direct photography. The image tube could be pulsed for time
intervals ranging from 0.l to0 6 microseconds and could be synchro-
nized with the point-source lamp. Appropriate delay times could be
inserted into a delay unit so that the event to be photographed
could be synchronized with the exposure.

Considerable detail was obtained in the shadowgraphs of the
flame, shock front, and other discontinuities present during the
formation of a detonation. The entire distance from the ignitor to



the location at which the detonation wave formed was covered during
this study. Immediately after ignition the flame front was shown to

be laminar and dome shaped. Its propagetion rate was relatively slow
compared to the final detonation velocity. The flame front continually
accelerated and shock waves were formed in front of it with the leading
shock wave having a fairly constant velocity (approximately 690 m/sec)
until just prior to the formation of the detonation wave. The shock
wave was first observed approximately 33 cm from the ignitor; the
separation between the flame and shock front gradually increased until
a distance of 80 to 90 em from the ignitor was reached. Then explo-
sion-like reactions occurred immediately in front of the flame front,
which caused the burning region to accelerate and coalesce with the
shock front, thereby forming a detonation wave at a distance of
approximately 100 to 110 em from the ignitor.

Prior to the development of this reaction, the initially smooth
flame front became wrinkled approximately 4O to 60 cm away from the
ignitor; the flame front lost its domed shape and became highly
irregular with the leading edge of the front located along the walls.
Turbulence was observed in the gas flow between the shock wave and
the flame front along the walls of the tube. The explosions just
prior to detonation originate near the walls of the tube, just in
front of the flame front, and cause pressure waves to propagate
outward into the reacted and unreacted gas thereby reinforcing the
leading shock front and sending a "retonation" wave back through the
reacted gas. No autoignitions were detected in the unreacted mixture
between the shock wave and the flame front.

The distance from the ignitor at which the detonation wave
formed was not the same from one experiment to the next. Therefore,
several experiments had to be made to obtain a complete survey of
2ll disturbances which occurred in a particular region of the deto-
nation tube. Some of this scatter was caused by the different
window positions that had to be used. Wave interactions at the
Junction between the glass windows and metal side-wall generated
additional shocks. Just prior to the formation of the detonation
wave and after it had formed fully, transverse pressure fluctuations
appeared which are similar to those observed in oscillating or
spinning detonations. '

Near the impact end of the tube a shock wave was observed in
front of the detonation wave. Apparently a detonation wave formed
in the hot mixture behind the leading shock front due to & reflection



of the leading shock at the edge of the glass window located upstream
of the observed region. The detonation wave coalesced with the leading
shock wave prior to impact at the end of the tube.

INTRODUCTION

The phenomena associated with the formation of a detonation wave
in a combustible gaseous mixture have been studied extensively in the
past decade, both theoretically and experimentally, by many investi-
gators (e.g., see Refs. 1-48). Although the studies have been fairly
extensive, there are many aspects concerning the transient formation
process which have not been explained adequately from either an
experimental or a theoretical viewpoint. The details of the stable
detonation wave are understood much better than those of the transition
mechanism from deflagration to the steady-state condition of detonation.

The flame acceleration mechanism is one phenomenon which should
be understood more fully to explain the transition process. Another
question which needs to be answered more adequately is how the
combustion wave is established behind the shock wave of the fully-
established detonation wave. One explanation is that the flame
accelerates and overtakes the shock wave and enother is that the
combustible gases are heated to a sufficiently high temperature
when passing through the shock wave so that autoignition occurs
behind it and, thereby, the combustion wave is established immediately
behind the shock wave. After extensive experimental study, neither
of these explanations appears to be adequate. A much more detailed
investigation of the various steps occurring in the unsteady transition
process 1is needed for a complete understanding of the transition
process.

Some investigators attribute the acceleration of the flame
front, prior to establishment of the stable detonation wave, to
turbulence in the unburnt gas mixture between the leading shock
wave and the flame front. The method by which this turbulence is
generated is somewhat questionable. Turbulence could be caused
perhaps by particle flow in front of the flame front. This flow
could become turbulent when a critical Reynolds number is attained
or when the flame propagation rate reaches a certain value at
which the flame front becomes turbulent. Possibly a combination
of these two effects may generate the observed turbulence.
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The following are the general features that are associated with
the formation of & detonation wave in a combustible gaseous mixture.
After ignition by some appropriate device in the tube or other type
of container, the flame starts to propagate in laminar fashion at a
rather slow rate. The heat released during the chemical reaction
causes the temperature of the reacting gases to rise. A volume
increase occurs behind the flame front. As soon as the temperature
of the reacting gas begins to rise, a pressure wave is transmitted
at the local sonic velocity into the unburned gas region. The next
incremental temperature increase, if the continuous process is
considered in a step-wise manner, generates another pressure wave
which is transmitted similarly. Because the temperature of the
unburned gas increases slightly after the passage of each incremental
pressure wave, the local sonic velocity is increased accordingly.
After an appropriate period of time has elapsed, these various
pressure waves reach and reinforce the pressure wave that was
propagated initially and a shock wave is formed.

This process of generating pressure waves from the flame front
not only causes a shock wave to be formed and the pressure and
temperature of the unreacted gas between the shock and the flame
front to increase, but this unreacted gas is set into motion relative
to the tube wall, thereby increasing the propagation rate of both the
shock and the flame front. It appears that this process continues
until a detonation wave is formed at which time the reaction
propagates at a constant velocity.

Because of the relative lack of information about the details
of the transition mechanism, an experimental and theoretical
investigation was undertaken to elucidate the mechanism of the
transient process. High-speed photography was utilized to study
the process at various stages from ignition to a fully-established
detonation. A modified shadowgraph system and an image converter
camers Were employed. Exposure times in the submicrosecond region
were used to stop the motion. Photographs were obtained of the
flame and shock structure which show appreciable detail in the
initiation region of the detonation for a stoichiometric mixture
of hydrogen and oxygen at one atmosphere initial pressure. The
discussion presented herein pertains primarily to an explanation
of the wave structure rather than to & detailed mathematical
analysis.,
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EXPERIMENTAL EQUIPMENT

In this investigation of the formation of detonations in a
stoichiometric hydrogen-oxygen mixture, photographic data were
obtained by employing an ultra-high-speed camera system and a
specially-designed detonation tube. The latter was fabricated
from a solid bar of TO7T9 aluminum, 3 x 8 x 72 inches. The inside
portion was milled out until a reaction chamber, 3 x 3 x 66 inches,
was obtained. Then 1l.5-inch thick aluminum side panels were
added to close the open sides of the basic detonation tube.

By making suitable openings in these side panels, which could
be comnected to the detonation tube with studs, a total of four
20-inch long windows could be installed on both sides. When
windows were not required, metal blanks could be installed.
Turning the side plates allowed complete coverage of events in the
tube, during a series of experiments, through opposing glass
windows. The original windows were special two-inch thick,
hardened, schlieren quality windows which had sides whose paral-
lelism was held to close tolerances.

The test section of the detonation tube had a 7.62-cm square
cross-section. The nominal length was 167 cm. By design, an
ignitor could be positioned at either end. This feature greatly
expedited the experiments. A pictorial view of the detonation
tube is shown in Fig. 1.

After the first series of detonation experiments was conducted,
it was found that the special windows did not stand up very well
under the severe conditions which prevailed. The internal surfaces
became crazed and slivers of glass broke off from the main portion.
After more experiments the surfaces became so badly damaged that
it was impossible to pressure-seal the windows adequately. The
thermal and mechanical stresses, even at only one atmosphere
initial pressure, were too great for the windows. From an ordinary
stress calculation, these windows should have been quite adequate
for initial pressures up to approximately seven atmospheres,
including a safety factor, for a stoichiometric mixture of hydrogen

and oxygen. Shock loading and intense transient temperature gradients,

however, negated the steady-state, non-reacting gas mixture stress
calculations.



After the large windows began to fail, adapters were made to
utilize some of the smaller and thinner high-quality optical windows
which were available in the laboratory. Also, some tempered,
polished plate-glass windows, one-inch thick, were utilized
successfully. By suitable selection of the plate glass, schlieren
distortions were minimized to quite an accepitable level. These
plate-glass windows withstood many experiments before they had to
be replaced. :

As mentioned above, the detonation tube was fabricated so that
the positions of the observation windows, relative to the ignitor,
could be located so as to obtain complete coverage of the test section
during a series of experiments for identical initial conditions of
the gas mixture. For a particular position of the windows, the
observable length of the tube was 18 inches; the entire test-section
height (three inches) could be seer by the camera. Each position
of the windows overlapped the previous position by one inch to
ensure continuous coverage. An exploded view of g particular window
arrangement, showing the flanges, seals, and so forth, is illustrated
in Fig. 2.

The hydrogen and oxygen geses were mixed on a flowing basis to
preclude the dangers of storing a relatively large volume of a
premixed, stoichiometric mixture of these gases under pressure. A
description of the flow control and metering system, similar to
those used for many detonation investigations at this laboratory,
is given in Ref. 47. A vacuum pump was employed to remove the
residual gases from the tube prior to filling it with the explosive
nixture to an initial pressure of one atmosphere.

Ignition of the combustible mixture was accomplished by melting
a 0.005-inch diameter bimetallic wire with a 180-volt battery. The
wire consists of aluminum and palladium in intimate contact with each
other. When this material is heated to the melting point of aluminum
(660°C), an exothermic alloying process takes place which liberates
327 calories/gram; the temperature of the product gas near the reacting
wire reaches 2200 to 2800°C.

The space available to conduct the photographic studies was
rather restricted and it was necessary to utilize a folded optical
arrangement as shown in Fig. 3. A modified shadow system was used
which included a high-intensity point-light source, appropriate
lenses and mirrors, and & high-speed image converter camera.

From Fig. 3 it can be seen that two first-surface mirrors were used
to fold the light beam. The U8-inch focal length, off-axis, parabolic



mirrors rendered the divergent light beam from the source parallel
through the test section and then focused the beam again before
entering the lens system of the image converter camera. The high-
intensity lamp had a maximum energy output of 10 joules. Voltage

to the storage capacitor could be varied from 10 to 20 kv and
useful results could be obtained. A variable voltage power supply
was employed in order to change the light-beam intensity as required
for the various experiments.

Measurement of the duration of the pulse of luminous radiation
from the point source showed that the pulse was approximately iTee)
nanoseconds wide at the half-power points. The pulse width did
not change appreciably as the energy output from the storage capacitor
was chenged by a factor of four.

Direct photography of the combustion and detonation events was
attempted with the high-speed image converter camera unit. After
numerous experiments it was concluded that there was insufficient
intensity from the phenomenon desired. The natural intensity of
light must be quite high in order to get a usable image when the
exposure time ranges from 0.1 to 6 microseconds.

The gases in the detonation tube glow for a long period of
time after the primary reaction occurs. Therefore, when using the
point-source lamp as a shutter, through the shuttering action of
the pulsed beam, some method must be employed to limit the light
input to the recording camersa because of the large amount of
afterglow. The image converter camera served quite well for this
purpose. If the light intensity from the point source and event
were too great, the exposure time of the image converter unit
could be decreased to reduce the light level to an acceptable
value. Ordinarily, the exposure time of the image converter
camera was six microseconds. Since the pulse width of the point
light source was less than one-tenth of that value, not too
much difficulty was encountered in synchronizing the two shutters.

The particular image converter camera used in these studies
was a relatively new type. Instead of using an image tube with
a conventional electron lens, a photodiode was utilized. These
diode types give greatly improved resolution over the electron-
lens type; however, the resolution from the photodiode type of
image converter is not as good as that which can be obtained
from & high-quality, high-speed, framing camera. The versatility
of the image converter camera gnd its much lower cost, however,
meke this type of camera unit quite useful for studies of this
nature.



The diode gains in resolution over the electron-lens type of
tube because the image is in focus for a longer period of time over
the gating (shuttering) cycle. In the electron-lens type, the
gating grid receives a voltage pulse to make the tube conduct for
a period of time corresponding to the approximate length of the
voltage pulse. Unfortunately it is not feasible to produce a very
rectangular voltage pulse for these small pulse widths (in the
submicrosecond region). Instead of having pulse rise-times and
decay-times which are only a few nanoseconds long, the slopes are
degraded, resulting in a loss in resolution. In a grid-type
(electron lens) tube, the image is in focus on the anode screen
only at one value of grid voltage. Therefore, when the grid gating
pulse does not rise to the correct focus voltage quickly and remain
there for the pulse width desired, the image resolution suffers by
the amount of deviation from the correct grid voltage needed to
maintain focus. In the photodiode, the anode and cathode are
closely spaced; therefore, the electron stream does not have much
chance to diverge and cause loss of resolution. The tube is gated
with high-voltage pulses applied directly to the anode-cathode
connections. To obtain a permanent record of the image displayed
on the phosphor-screen anode of the photodiode, it was photographed
with & secondary optical camera.

During most of the experiments, synchronization of the image
converter camera was accomplished by using an appropriate delay
period in the camera control unit. The timing cycle was initiated
when the gas mixture was ignited electrically. Thus, by selecting
the proper delay time in the camera, it would gate the image tube
at the time when the shock wave or flame would be in the desired
observation position. The point-source lamp also received a
“trigger signal from the control unit so that the lamp would be
pulsed during the time interval when the image tube was conducting.
Both the pulsed light source and the image converter camera had to
be operating at the precise time when the flame or shock wave was
at the position in the detonation tube which was under investigation.
The technique employed to synchronize the image converter tube and
the point source lamp was to trigger the high-voltage gap tubes,
which gated the image tube, by a voltage pulse derived from the
point-source lamp as 1ts storage capacitor discharged.

In some of the later experiments, a special phototube was
utilized to start the timing cycle. When the flame passed the
position of the phototube on the detonation tube wall, the output
signal started the sequence of events. This method was most



successful when the phototube was situated at a position on the tube
just upstream to that at which detonation occurs. The electrical
output signal from the phototube was displayed on a dual-beam
oscilloscope together with a signal which indicated the relative
time of actuation of the image converter tube. The reason for
changing to this arrangement is that the time delay derived from
ignitor actuation was not too reliable; that is, there was a
variation from one experiment to the next in the time required

for the flame to progress from the ignitor to the position in the
tube under investigation. A number of experiments were without
results because of this variation. By using the phototube triggering
technique, the reliability of getting a useful photograph was
improved because the time interval between the position just prior
to detonation and the position under study was fairly reproducible.
Data from the pulses on the dual-beam oscilloscope were quite useful
in predicting the time delay required to obtain an adequate
photograph.

EXPERTMENTAL PROCEDURE

All experiments were conducted with a stoichiometric mixture of
hydrogen and oxygen at an initial pressure of one atmosphere and at
ambient initial temperatures. The detonation tube was evacuated
and filled with the combustible mixture by the flow controls and
equipment described in the previous section. After the experiment
the tube was purged with dry air. The most critical part of the
experimental procedure was that of selecting the correct delay
times to obtain shadowgraphs of the flames and shock waves.

It was possible to move the shadowgraph system, illustrated in
Fig. 3, to cover any part of the detonation tube from the ignitor
to the impact end. For any position of the windows only certain
portions of the test section in the detonation tube could be viewed.
Full coverage was obtained by moving the windows and turning the
side plates end-for-end. The ignitor could be inserted from either
end of the tube., It was not feasible to use a single glass window
to cover the entire length of the detonation tube.

The primary limitation of this shadowgraph system was its
somewhat limited field of view. This restriction was caused by the
six-inch diameter parabolic mirrors. Therefore, several experiments
had to be performed at a particular nominal distance from the ignitor



in order to obtain adequate coverage of both the flame front and the
shock wave. This procedure was complicated somewhat by the non-
repeatable nature of the process of formation of a detonation wave
even with identical initial conditions during the various experiments.

Initial experiments were conducted with the shadowgraph system
positioned at the upstream end of the detonation tube where the
ignitor was included in the field of view. A phototube, whose output
was fed to a dual-beam oscilloscope, was positioned Jjust downstream
of the shadowgraph system to record the time of passage of the flame
front at the particular position of the phototube. From these time
intervals, approximate delsy times were obtained for insertion into
the delay unit which controlled the triggering time of the point-
light source and that of the image converter camera. For the initial
experiments the timing cycle was started when the ignitor button
was depressed. Voltage pulses were sent to the oscilloscope and
to the delay unit. As the delay times were increased, photographs
of the flane and/or the shock front were obtained at increasing
distances from the ignitor for a particular position of the shadowgraph
system. Since the position of the fronts at a particular time were
not exactly repeatable during successive experiments for the same
initial conditions, some of the delay times were repeated for several
experiments.

When the flame front passed out of the field of view (approximately
15 cm) of the shadowgraph system, the entire system was moved down-
stream, realigned, and refocused. These moves were made in increments
of five to ten cm depending upon the amount of photographic coverage
that had been obtained in the previous position. Approximately U45
enm of length of the detonation tube could be covered for a given
position of the windows. After photographs of this area were obtained,
the window positions were changed and the procedure was repeated.
Measurements of the delay times were made during all experiments;
the phototube was positioned either downstream or upstream of the
shadowgraph system.

During some of the later experiments, when detonation or near-
detonation conditions prevailed, the pulse from the phototube was
used to trigger the delay unit and more repeatable results were
obtained. This same procedure was tried when the transition
mechanisnm was in its earlier stages, however, the results were no
better than those obtained by using the ignitor-voltage pulse to
trigger the delay unit.
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Experiments were conducted with the ignitor at the one end of
the tube to cover the region from the ignitor to a distance 4k cm
downstream and from 80 to 110 cm from the ignitor. Then the ignitor
was placed in the opposite end of the tube to obtain coverage from
40 to 167 cm from the reversed position of ignitor.

All shadowgraphs were recorded with film that had a 10-second
development period; this technique permitted quick evaluation of
the results and a decision could be made as to whether or not a
specific delay time should be used in a repeat experiment. A
camera was used also to record the oscilloscope images, the delay
time, and the time of passage of the flame front past the phototube.
Prints of the shadowgraphs with useful information were copied with
regular negative-type film, and appropriate prints were made.

A black arrow-marker was placed on the window in the field of
view of the shadowgraph system so that the relative position of
specific events recorded on the photograph could be determined.
The actual position was not given directly because of the magni-
fication factor of the overall system. It was necessary to obtain
the actual position of the flame and the shock wave relative to
the ignitor; to obtain this distance, the relative distance was
measured on the photographs. After converting to actual distances
by use of the experimentally-determined magnification factor, the
true position of the event under study could be located relative
to the arrow-marker or the ignitor. By graphing the distance of
the flame or shock fronts from the ignitor as a function of the
delay time, the velocities of the fronts could be estimated up
to a distance of approximately 80 cm from the ignitor (see Figs.

4 and 5). Beyond this distance, the results were not repeatable;
therefore, no approximate velocities could be determined.

DISCUSSION OF RESULTS

In order to evaluate the data obtained during the investigation
of the formation of detonations, the distances of the flame and
shock fronts from the ignitor were plotted as a function of the
delay times obtained from the oscilloscope trace; from these data
average velocities of the fronts were estimated up to a distance of
approximately 80 cm from the ignitor. Beyond this distance the

nonrepeatability of the specific events made it practically impossible

to obtain & reasonable estimate of the velocities. This region was
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located just prior to that where detonation occurs; there the flame
and shock fronts were greatly accelerated. Acceleration did not

take place at the same position from one experiment to the next.
Another factor that affected the results at this distance was the
change in the window positions which altered the distance required
for the formation of the detonation wave due to wave interactions
caused by the slight gap, which was unavoidable, between the glass
window and the side of the tube. Figure 4 shows the position of the
leading edge of the flame front from the ignitor, and Fig. 5 depicts
the distance from the ignitor to the leading shock wave taken from
all of the photographs in which such a discontinuity was shown.

The separation of the flame and shock fronts could be estimated from
these data. Figures 6 and 7 are typical shadowgraphs of the
discontinuities present during the formation of detonation; the
photographs in Fig. 6 illustrate the reaction when the ignitor was

at one end of the tube (end A) and those in Fig. 7 show the formation
of detonation with the ignitor at the opposite end of the tube (end B).

From an analysis of the photographs of the reaction in the region
next to the ignitor at end A, there appears to be a delay after closing
the ignitor switch of the order of 200 to 300 microseconds (Fig. 4).
The flame velocity just after ignition, is less than 100 m/sec and
the flame front has a spherical shape (Fig. 6.1). Approximately 40O
microseconds later (total delay of 600-700 microseconds), the flame
front has contacted the top and bottom walls of the tube, and the
leading edge of the flame front is 8 cm from the ignitor (Fig. 6.2).
All time intervals and distances given are average values obtained
during all of the experiments conducted at these conditions. The
flame front now has a domed shape and some cellular structure is
visible in the front (Figs. 6.3 and 6.4). However, the flame is
leminar.

The flame front keeps the domed shape and the cellular structure
until it is approximately 30 cm from the ignitor (Figs. 6.5 and 6.8).
The first shock structure observed which precedes the flame front
appears at a distance of approximately 33 cm from the ignitor with a
total delay time of 1100 microseconds. At this time the flame front
is 20 em from the ignitor so that the separation between the shock
and the flame fronts is 13 cm. These data were obtained from
photographs, other than those shown, plus additional information
derived from Figs. 4t and 5. Figure 6.6 is a typical photograph
illustrating the series of shocks which is formed ahead of the flame
front.

12



In the first series of pictures with the ignitor at end A of
the tube, as the shock front approaches 38 cm distance from the
ignitor, disturbances of a turbulent nature appear between the
shock and flame front along the bottom of the detonation tube
(Figs. 6.7, 6.8, 6.9 and 6.10). The disturbances have a rather
peculiar structure that has a segmented appearance. When the
flame front reaches 38 cm distance from the ignitor, the entire
cross section of the unreacted gas, directly in front of the flame
front, has a turbulent structure (Fig. 6.9). 1In fact, it is rather
difficult to distinguish just where the flame front begins. There
is a possibility that this region may consist of pockets of burning
or exploding mixture, however, it is believed that the temperature
is not sufficiently increased by shock-wave compression that auto-
ignition could occur. The approximate velocity of the shock front
in this region is 690 m/sec and the velocity of the flame is over
500 m/sec. The shock strength would have to be appreciably higher
in order to compress the gas sufficiently, thereby raising its
temperature, to ignite the combustible mixture.

The position of the windows in the first series of photographs
was such that the viewing area ended 4% cm from the ignitor, and the
glass window met the metal side of the tube at 46.4 cm. In some of
the photographs obtained in this region, a reflected shock appears
to be traveling in a direction which is opposite to that of the
flame and shock fronts (Figs. 6.10 and 6.11). These shocks probably
result from the slight gap that was present between the glass window
and the side wall of the tube. The reflected shocks, in all prob-
ability, enhanced the formation of a detonation wave in the mixture;
it has been shown (Ref. 47) that practically any type of turbulence-
producing mechanism reduces the induction distance. Another explanation
of the observed discontinuities, especially those in Fig. 6.10, is
that they may be a secondary system of shocks following the leading
shock front which does not appear in the photographs.

The next series of photographs was obtained with the glass
windows positioned so that the leading edge of the viewing area
was located 78.5 cm from the ignitor and the trailing edge at
124.2 cm (Figs. 6.12 to 6.16). The ignitor was located at the same
position in the detonation tube a&as in the previous series of experiments.
The region covered in this arrangement is from 79 cm to approximately
106 cm from the ignitor where the flame front approaches the shock
front; the combined fronts have a concave shape. This region appears
to be where the detonation wave is established. At approximately
100 cm from the ignitor, the front is practically normal to the sides
of the detonation tube with no discernible fleme structure in back
of the front. :
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The reaction, now in full detonation, is still rather unstable,
as is evident from the transverse disturbances visible behind the
front. These transverse pressure fluctuations appear to be of the
same nature as those observed by other investigators (Refs. 24 and
39) in their study of the formation of detonations. The fluctuations
appear to be generated as a result of the passage of the detonation
front; they start at the top or bottom of the detonation tube and
move toward the opposite wall. Probably there are similar fluctuations
across the tube from side to side, but they cannot be observed because
a disturbance in that direction would not show in the shadowgraph
system used. It is evident from these studies that the induction
distance of the hydrogen-oxygen mixture used (66.67% hydrogen at one
atmosphere initial pressure) is of the order of 90-100 cm when the
ignitor is situated at end A of the tube and the glass windows are
positioned to cover the region from 79 to 106 cm distance from the
ignitor. However, it was found that the induction distance varies
according to which end of the tube the ignitor is placed and also
where the windows are positioned. It is obvious from these results
that the tube was not completely symmetrical and that there was
interference from surface discontinuities.

From the previously mentioned results it was expected that the
shock and flame fronts should be at about the same positions from
the ignitor for the same delay time if the ignitor were changed to
the opposite end. However, the results obtained were quite different.
With the ignitor positioned at end B of the tube and the windows
placed to cover the region from 38.5 to 84.2 cm from the ignitor,
a8 sequence of photographs, taken at a distance of approximately
43 cm, shows the leading shock wave to be about 20 ecm in front of
the flame front, corresponding to a time separation of 300 micro-
seconds (Figs. 7.l and 7.2). The flame front is still fairly
laminar and there are no noticeable disturbances between the shock
and flame fronts, which is in contrast to the results obtained with
the ignitor in the opposite end at the same approximate position.

The velocity of the shock wave, rather constant in this region,
is approximately 690 m/sec until it is 80 cm from the ignitor. The
shock wave 1s shown farther downstream in Fig. 7.3. The propagation
rate of the flame appears to be around 525 m/sec between 40 and 60 cm.
At approximetely 50 cm distance, the shape of the flame front begins
to change and the portion along the top and bottom of the tube extends
beyond the front in the center of the tube; also the flame front
apparently changes from laminar to turbulent conditions (Figs. 7.4
and 7.5). Again, there are noticeable disturbances between the shock
and fleme front as there were at a distance of approximately 35 cm
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when ignition was from the opposite end. The flame front apparently
is giving off very strong pressure waves in this region (56-62 cm);
they are readily visible on the shadowgraphs (Fig. 7.6 and 7.8).

It is not very clear just where the flame front begins and where
turbulence ends as the flame front itself becomes more wrinkled
(Figs. 7.9, 7.11 and T7.13). 1In fact, approximately 62 cm from the
ignitor it appears as if there are pockets of burning gases in the
turbulent flow zone and there is no discernible flame front as such.
Thet is, it appears that the flame front starts at the same region
where turbulence is initiated.

One noticeable feature in this region is that the front extends
farther forward on the bottom of the detonation tube than it does
on the top in the majority of the photographs obtained. The structure
as observed here is similar to the so-called tulip shape which has
been observed by other investigators (Refs. 11 and 46) in their
studies on the initiation of detonation. There is a moderate increase
in the velocity of the overall flame front to about 610 m/sec, while
the shock velocity remains at 690 m/sec at a distance of 80 cm from
the ignitor. More shadowgraphs of the shock front in this region
are shown in Figs. 7.7, 7.10, and 7.12. In Fig. 7.14 (marker distance
78 cm) the same type of segmented disturbances can be seen which was
observed at approximately 38 cm (Figs. 6.10 and 6.11) with the ignitor
at the opposite end. One significant feature in these experiments
that differs from what was observed in other studies is the absence
of a decrease in the velocity of the flame front soon after ignition
which then is followed by an increase. According to the data obtained
in this study, the propagation rate of the flame increases monotonically
from ignition until a detonation wave is formed.

The shadowgraphs obtained at a marker distance of 78 cm from
the ignitor show a reflected wave that propagates back toward the
ignitor through the unreacted gas between the shock and flame fronts
and which apparently is of sufficient strength to cause the gas to
react (Fig. T7.15). The reflected shock is probably created when the
leading shock wave passes the point on the tube at which the glass
window and side wall meet. When the rearward-propagating shock wave
and the forward-moving turbulent flame front meet, a small explosion
apparently formed as indicated by the intense luminosity at that
point (Fig. 7.16). This phenomenon, in all probability, created a
detonation wave much sooner than if the tube wall had been completely
smooth over the entire surface, which is the main reason why the
data were not repeatable when the windows were changed from one
position to another.
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To obtain the next series of photographs, the window positions
were changed to a location where the viewing area was between T79.5
to 125.2 cm from the ignitor. The first sequence of pictures taken
in this region at a marker distance of 84 cm shows a type of
reaction which is entirely different from that observed in the
previous photographs. A reaction appears to be occuring wherein
the flame front catches up to the leading shock wave. The flame
front in Fig. 7.17 has a much different structure than that shown
in the previous shadowgraphs. In this particular region the flame
front apparently has accelerated greatly and has & streaked appearance
as if not all of the mixture is being burned uniformly. After this
type of structure was observed, a reaction occurs which has the form
of an expanding pressure cell that forms immediately in front of
the flame front and sends pressure waves into the unreacted and
burned mixture (Figs. 7.18 to 7.26). These pressure cells appar-
ently are created by explosions of the mixture in front of the moving
flame front. An accurate determination of the pressures, temperatures,
and velocities developed during this rapid reaction is rather difficult
because of the limited data obtained. Schlieren strip film photographs
in this region would help in determining the pertinent properties of
the mixture between the shock and flame fronts.

These photographs do show that autoignition does not occur
immediately behind the shock wave. If autoignition is to develop
in the unreacted mixture between the shock and flame front, it is
most likely to occur near the flame front where the temperature is
highest. Strip-film photography studies by other investigators show
that the leading shock wave during the build-up process is relatively
weak; therefore, the shock is not of sufficient strength to increase
the temperature of the gas to the autoignition level. According to
Ref. 39, the Mach number of the shock wave just prior to detonation
is 2.1 for a stoichiometric mixture of hydrogen and oxygen at one
atmosphere initial pressure. The Mach number of the steady deto-
nation wave is 5.3. For a specific heat ratio of 1.4, the temperature
increases across a normal shock by a fector of 1.73 when the Mach
number is 2.1. If the initial temperature were 25°C (ambient
temperature), the increase would not be anywhere near the auto-
ignition temperature for a mixture of hydrogen and oxygen.

Based on these results and other considerations, a more
plausible explanation of the sequence of events is this. As the
shock strength rises, the unreacted gas between the flame front
and the shock is heated to a higher temperature by adiabatic
compression. From various experimental studies, it is known that
the burning velocity of & flame increases when the temperature of
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the unreacted fuel-oxidizer mixture increases. The higher pressure
also tends to increase the burning velocity of high-energy, fuel-
oxidizer mixtures. These studies have not been conducted at very
high temperatures of the unburned gas mixtures because of experimental
difficulties. However, if the assumption is made, which appears
reasonsble, that the burning velocity increases as the temperature
of the unreacted mixture increases to the value attained behind the
shock wave, then the flame could travel forward much faster into
the unreacted mixture and coalesce with the shock. This speed
would be appreciably higher than that associated with values of
normal burning velocities at normal ambient conditions. Although
the rate of increase of the flame speed would be very fast, the
reaction would not be a true explosion because of the temperature
gradient which exists between the flame front and the shock wave.

Another factor, which may be significant, is that the velocity
of the particles between the shock and flame front is supersonic
with respect to the walls of the tube when the leading shock wave
hes a Mach number of 2.1l. The turbulence level in the unreacted
gas also would be a contributing factor to the explosion-like
reaction. The boundary layer between the shock and flame front
probably is turbulent and the "explosions" seem to originate near
the walls of the tube. It is not clear at this time with the
information available what, if any, connection there is between
a turbulent boundary layer and the reaction as observed. It is
prectically impossible to estimate the velocities of the shock or
flame fronts in this region because of the non-repeatability of the
location of the reaction from one experiment to the next. This
lack of information limits the discussion to what was obtained on
the photographs with little reference to pressures, temperatures,
etc.

After the flame fronts and the leading shock have merged, there
appear to be several shocks formed prior to the actual formation of
the detonation wave (Figs. 7.27, T.28, 7.29, and 7.35). When the
reaction appears to be in full detonation, the transverse pressure
waves emanating from the front are visible again (Figs. T.30 to
7.33) as was the case in the previous photographs with the ignitor
on the opposite end. When the window positions were changed so
that the area of coverage was from 120 cm to the impact end of the
detonation tube, the reaction again was not in full detonation at
a distance of 124 cm (Fig. T.34k) showing that the location of the
windows had an influence on the formation of the detonation.
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From Fig. T7.37 it is apparent that a detonation wave had not yet
formed at a distance of 134.5 cm from the ignitor for that particular
experiment. Although the majority of the photographs obtained in
this region showed a detonation wave, the non-repeatable nature of
certain events at specific distances from the ignitor is exemplified
by this photograph. The shock structure which can be seen in back
of the flame front could be a reflected shock propagating backward
through the burning mixture which was formed when the leading shock
wave passed the edge of the glass window located at 117. 6 cm from

the ignitor.

In Fig. T.38 a detonation wave appears to be located at 138 cm,
however, there also is & shock wave approximately 7.5 em in front
of the detonation wave. A sequence of photographs taken in this
region, some of which are shown in Figs. 7.36, 7.39, and T7.kO,
shows that the distance between the detonation and shock waves
decreases as they propagate down the tube. Apparently a deto-
nation wave formed in the hot mixture behind the leading shock
and the photographs show the shock wave being overtaken by the
detonation wave. The velocity of the detonation wave would be
much greater than that of the shock wave. The detonation wave
probably was formed in the hot mixture because of the reflection
of the leading shock wave at the edge of the glass window. The
several shock fronts shown in Figs. T.4tl to T.hl4 apparently were
formed when the detonation wave merged with the leading shock

wave.

The transverse pressure fluctuations back of the fully-
developed detonation wave again are visible in Figs. T.45 and
746, In FPig. T.47 the detonation wave is shown just prior to
impact at the end of the tube and in Fig. T.48 the reflected
wave can be observed.

CONCLUSIONS

An evaluation of the photographs indicates that upon ignition
the burning process is laminar and that the propagation rate is
relatively slow compared to detonation conditions. Thus, at a
certain distance from the ignitor, the pressure waves emanating
from the flame front coalesce into a shock wave which travels at
& fairly constant rate (in this case 690 m/sec) until it is
approximately 20 cm from the point at which a detonation wave is
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formed. The flame front retains a domed shape after ignition until

it is 40 to 60 cm from the ignitor; the distance is somewhat dependent

on the tube configuration (position of the glass windows and
associated surfaces).

The flame velocity up to this point increases constantly, but

it is still somewhat slower than that of the shock wave; the separation

between the shock and flame front is approximately 20 cm. As the
flame front begins to lose its domed shape, some disturbances of a
turbulent nature, ahead of the front, are recorded in some of the
shadowgraphs. Then, the leading edge of the flame front travels
along the walls and the whole front becomes turbulent; its apparent
velocity increases rapidly. At approximately 80 to 100 cm from
the ignitor, an explosion-like reaction takes place between the
shock and flame front; this reaction is first noticeable near the
flame front and the walls of the tube. This reaction apparently

is created by the high-temperature and turbulence conditions of

the boundary layer Jjust in front of the flame front. These more-
or-less point explosions generate pressure waves which are sent into
both the unreacted and the burned gas. The waves propagating
forward coalesce with the leading shock wave, which thereby is
reinforced, and the waves traveling backward through the reacted
gas form the so~called "retonation" wave.

When the pressure waves travel outward from the wall, they
meet in the center of the tube, in some cases creating another
"explosion" which again reinforces the leading shock wave. In
this way the flame front overtakes the shock front, although not
exectly by an increase in velocity of the flame front; instead it
is a jump of the flame front to the shock front due to the
localized explosion-like reactions which occur. It was definitely
shown that there is no autoignition in back of the leading shock
front. If autoignition occurred any place it was very close to the
turbulent flame front. Another feature observed from the photo-
graphs was the transverse pressure fluctuations generated by the
passage of the detonation wave. The exact reason for the presence
of these has not been ascertained, but they appear to be the same
type of pressure discontinuities which have been found during
investigations of spinning and pulsaeting detonations.

As the reaction approaches the impact end of the detonation
tube, a shock wave is observed in front of the detonation wave.
Evidently a detonation wave was formed in the hot mixture which
finally coalesced with the leading shock wave. The detonation
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wave probably was formed because of a reflected shock which was
created when the leading shock front passed the edge of the glass
window upstream of the position at which this reaction was
observed. It was evident from the results that changing the
positions of the glass windows had changed the detonation induction
distance., This non-symmetry did not greatly hinder the analysis
because the main items of interest concerned the wave structures.
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MARKER 70
FLAME FRONT 73.4

SHOCK FRONT NOT IN VIEW

(7.10)
DISTANCE FROM IGNITOR (Cm)

MARKER 70
FLAME FRONT NOT IN VIEW
SHOCK FRONT 75.4

(7.12)

DISTANCE FROM IGNITOR (Cm)

MARKER 78
FLAME FRONT NOT IN VIEW
SHOCK FRONT 8I.1

FIG. 7 (CONTD) SHADOWGRAPHS OF THE FORMATION OF THE
DETONATION  WAVE; IGNITION AT END B.
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(7.13)

(7.14)
DISTANCE FROM IGNITOR (Cm) DISTANCE FROM IGNITOR (Cm)
MARKER 78 MARKER 78
FLAME FRONT 78

FLAME FRONT NOT IN VIEW

SHOCK FRONT NOT IN VIEW SHOCK FRONT NOT IN VIEW

(7.15)

(7.16)

DISTANCE FROM IGNITOR (Cm) DISTANCE FROM IGNITOR (Cm)

MARKER 78
FLAME FRONT 74

SHOCK FRONT NOT IN VIEW

MARKER 78
FLAME FRONT UNKNOWN
SHOCK FRONT UNKNOWN

FIG. 7 (CONT'D) SHADOWGRAPHS OF THE FORMATION OF THE
DETONATION WAVE; IGNITION AT END B.
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(7.47) (7.18)

DISTANCE FROM IGNITOR {(Cm) DISTANCE FROM IGNITOR (Cm)
MARKER 84 MARKER 84
FLAME FRONT 85.1 FLAME FRONT 83
SHOCK FRONT NOT IN VIEW SHOCK FRONT 83.3

(7.19) (7.20)
DISTANCE FROM IGNITOR (Cm) DISTANCE FROM IGNITOR (Cm)
MARKER 84 MARKER 84
FLAME FRONT 85,6 FLAME FRONT NOT IN VIEW
SHOCK FRONT 85.6 SHOCK FRONT NOT |IN VIEW

FIG. 7 (CONT'D) SHADOWGRAPHS OF THE FORMATION OF THE
DETONATION WAVE; IGNITION AT END B.
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(7.21) (7.22)

DISTANCE FROM IGNITOR (Cm) DISTANCE FROM IGNITOR (Cm)
MARKER 92 MARKER 92
FLAME FRONT 88.9 FLAME FRONT 88
SHOCK FRONT 23.1 SHOCK FRONT 90.2

(7.23) (7.24)

DISTANCE FROM IGNITOR (Cm) DISTANCE FROM IGNITOR (Cm)
MARKER 92 MARKER 92
FLAME FRONT 90.2 FLAME FRONT 89.8
SHOCK FRONT 90.2 SHOCK FRONT 89.8

FIG. 7 (CONT'D) SHADOWGRAPHS OF THE FORMATION OF THE
DETONATION WAVE; IGNITION AT END B.
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(7.25) (7.26)
DISTANCE FROM IGNITOR (Cm) DISTANCE FROM
MARKER

IGNITOR (Cm)
92 MARKER
FLAME FRONT Sl

92
FLAME FRONT 93.6
SHOCK FRONT 92 SHOCK FRONT NOT IN VIEW

(7.27) (7.28)

DISTANCE FROM IGNITOR {(Cm) DISTANCE FROM IGNITOR (Cm)
MARKER 92 MARKER ' 100
FLAME FRONT NOT IN VIEW FLAME FRONT 96.6
SHOCK FRONT 95.1 SHOCK FRONT 96.6

FIG. 7 (CONT'D) SHADOWGRAPHS OF THE FORMATION OF THE
DETONATION WAVE; IGNITION

AT END B.
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(7.29)

(7.30)
DISTANCE FROM I[GNITOR (Cm) DISTANCE FROM IGNITOR
MARKER 100 MARKER 108
FLAME FRONT 103.1 FLAME FRONT 107.6
SHOCK FRONT 103.1 SHOCK FRONT 107.6

(7.21 (7.32)

DISTANCE FROM IGNITOR (Cm) DISTANCE FROM IGNITOR (Cm)
MARKER : 08 MARKER |08
FLAME FRONT 109.3 FLAME FRONT NOT IN VIEW
SHOCK FRONT 109.3 SHOCK FRONT NOT IN VIEW

FIG. 7 (CONT'D) SHADOWGRAPHS OF THE FORMATION OF THE
DETONATION WAVE; IGNITION AT END B.
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(7.33) (7.34)

DISTANCE FROM IGNITOR (Cm) DISTANCE FROM IGNITOR (Cm)
MARKER e MARKER 124
FLAME FRONT 119.6 FLAME FRONT 122.2
SHOCK FRONT 119.6 SHOCK FRONT 123.1

(7.35) (7.36)

DISTANCE FROM IGNITOR (Cm) DISTANCE FROM IGNITOR (Cm)
MARKER 124 MARKER 132
FLAME FRONT i28.5 FLAME FRONT 128
SHOCK FRONT 128.5 SHOCK FRONT 28

FIG. 7 (CONT'D) SHADOWGRAPHS OF THE FORMATION OF THE
DETONATION  WAVE; IGNITION AT END B.
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(7.37) (7.38)

DISTANCE FROM IGNITOR (Cm) DISTANCE FROM IGNITOR (Cm)
MARKER i32 MARKER 140
FLAME FRONT 124.5 FLAME FRONT 138
SHOCK FRONT UNKNOWN SHOCK "FRONT 138

(7.39) (7.40)

DISTANCE FROM IGNITOR (Cm) DISTANCE FROM IGNITOR (Cm)
MARKER 140 MARKER 140
FLAME FRONT 137.7 FLAME FRONT 142.5
SHOCK FRONT 137.7 SHOCK FRONT 142.5

FIG. 7 (CONTD) SHADOWGRAPHS OF THE FORMATION OF THE
DETONATION WAVE; IGNITION AT END B.



(7.41) (7.42)

DISTANCE FROM IGNITOR (Cm) DISTANCE FROM IGNITOR (Cm)
MARKER 148 MARKER 148
FLAME FRONT 148 FLAME FRONT 149.8
SHOCK FRONT 148 SHOCK FRONT 149.8

(7.43) (7.44)

DISTANCE FROM IGNITOR (Cm) DISTANCE FROM IGNITOR (Cm)
MARKER 156 MARKER 156
FLAME FRONT 157.8 FLAME FRONT 161
SHOCK FRONT 157.8 SHOCK FRONT 161

FIG. 7 (CONT'D) SHADOWGRAPHS OF THE FORMATION OF THE
DETONATION  WAVE; IGNITION AT END B.
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(7.45) (7.46)

DISTANCE FROM IGNITOR (Cm) DISTANCE FROM IGNITOR (Cm)
MARKER 159.5 MARKER 159.5
FLAME FRONT 156.1 FLAME FRONT 159.5
SHOCK FRONT 156.1 SHOCK FRONT 159.5

(7.47) (7.48)

DISTANCE FROM IGNITOR (Cm) DISTANCE FROM IGNITOR (Cm)
MARKER 159.5 MARKER 159.5
FLAME FRONT 162.7 FLAME FRONT UNKNOWN
SHOCK FRONT ie2.7 SHOCK FRONT 156.5

FIG. 7 (CONT'D) SHADOWGRAPHS OF THE FORMATION OF THE
DETONATION WAVE; IGNITION AT END B
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